Introduction
============

Cancer remains a serious threat to human health worldwide. Adrenocortical carcinoma (ACC), derived from the adrenal cortex, is a rare heterogeneous neoplasm where the pathogenesis is not well characterized and has a poor prognosis, resulting in the lack of effective treatment.[@b1-ijn-13-439],[@b2-ijn-13-439] Some attempts such as the combination of drugs and mitotane have been recommended as first-line therapy in advanced ACC, but the overall prognosis remains very limited.[@b3-ijn-13-439],[@b4-ijn-13-439] In addition, the low target effects (from local low-dose drugs) and high side effects have also limited the utility of chemotherapeutic drugs. Therefore, development of new chemotherapeutic agent formulations is ongoing, such as tumor target nanoparticles-loaded anticancer drugs.[@b5-ijn-13-439]--[@b8-ijn-13-439]

In recent decades, natural antitumor drugs have been found to be effective against certain cancers such as resveratrol, curcumin, and artemisinin.[@b9-ijn-13-439]--[@b13-ijn-13-439] Paclitaxel (PTX) is a Food and Drug Administration-approved clinical tumor chemotherapeutic agent, which is a natural secondary metabolite purified from the bark of the gymnoside yew.[@b14-ijn-13-439],[@b15-ijn-13-439] PTX is mostly used as treatment for ovarian and breast cancer. It has also been reported to have high toxicity against other cancers such as non-small cell lung cancer and ACC.[@b6-ijn-13-439],[@b16-ijn-13-439]--[@b18-ijn-13-439] However, since PTX has poor aqueous solubility in its natural form, it is formulated in a mixture of Cremophor EL/absolute ethanol (1:1 v/v, Taxol^®^) for clinical use.[@b19-ijn-13-439],[@b20-ijn-13-439] However, Cremophor EL in the media has serious side effects such as hypersensitivity and acute renal function impairment.[@b21-ijn-13-439],[@b22-ijn-13-439] To solve these limitations of PTX, various alternative strategies have been developed, such as loading PTX by carbon nanomaterials, protein, and liposomes.[@b23-ijn-13-439]--[@b25-ijn-13-439]

Graphene oxide (GO), a two-dimensional carbon nanomaterial, is usually used as a drug carrier due to its near infrared (NIR) light absorbance property, large surface area, and modifiable surface structure.[@b26-ijn-13-439],[@b27-ijn-13-439] Some aromatic and insoluble antitumor drugs such as SN38 and camptothecin as well as small molecule fluorescent dyes have been shown to be loaded onto nanosized GO surfaces through π--π stacking interactions and hydrogen bonds.[@b28-ijn-13-439]--[@b30-ijn-13-439] Moreover, GO has remarkable NIR photothermal properties that can control drug release on its surface.[@b31-ijn-13-439]--[@b33-ijn-13-439] For example, Kim et al have reported that the GO derivative reduced GO-loaded anticancer drugs doxorubicin showed photothermally triggered tumor chemotherapy.[@b34-ijn-13-439] However, GO has low biocompatibility and further surface modification must be conducted for biomedical application. Furthermore, high concentrations of GO may have toxicity issues.[@b35-ijn-13-439]

Apart from GO, other organic materials such as liposomes, hydrogels, and serum albumin can also be used as drug carriers.[@b36-ijn-13-439]--[@b39-ijn-13-439] Compared with these carriers, serum albumin as an endogenous protein with good biocompatibility, non-toxicity, and non-immunogenicity has become one of the most exciting carriers to deliver insoluble anticancer drugs.[@b40-ijn-13-439]--[@b42-ijn-13-439] Moreover, the presence of functional carboxylic and amino groups on the surface facilitates surface functionalization for albumin nanoparticles such as conjugation of targeting moieties. However, the release of drugs in albumin nanoparticles cannot be controlled, which is unfavorable for efficient tumor therapy.

Based on the demand for novel formulations with greater biocompatibility, tumor targeting abilities, and controlled drug release for efficient tumor therapy, this study utilizes GO nanosheets to carry lipophilic PTX (PTX-GO). Human serum albumin (HSA) as the second carrier was used as a shell to encapsulate the PTX-GO forming a nanodrug, which is surface functionalized with a tumor targeting molecule, monoclonal antibodies against vascular endothelial growth factor (VEGF; denoted as mAbVEGF) via a polyethylene glycol (PEG) "bridge" (PTX-GHP-VEGF).[@b1-ijn-13-439],[@b2-ijn-13-439] In addition to in vitro and in vivo biocompatibility, PTX-GHP-VEGF showed thermal-controlled drug release due to the photothermal effect of GO and further thermal-induced expansion of HSA shells. The in vitro and in vivo tumor target potential of PTX-GHP-VEGF was validated via cell uptake and NIR thermal imaging experiments. At last, the anticancer effect of PTX-GHP-VEGF combined NIR laser irradiation on ACC tumor bearing mice was evaluated. The obtained results demonstrate that PTX-GHP-VEGF promises to be a kind of novel therapeutic agent for clinical translation medicine.

Materials and methods
=====================

Materials
---------

GO platelet (PLT) was obtained from Nanjing XFNANO Materials Tech Co, Ltd (Nanjing, China). N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich Co (St Louis, MO, USA). Amino-polyethylene glycol-7500-maleimide (NH~2~-PEG-MAL) was obtained from Creative PEGWorks (Durham, NC, USA). mAbVEGF produced in mouse was obtained from Sigma-Aldrich. PTX (≥99%, Aladdin, Shanghai, China) was provided by Shanghai Jingchun Biotech Corporation (Shanghai, China). 6-Diamidino-2-phenylindole (DAPI) was obtained from Aladdin. L-15 media and phosphate-buffered saline (PBS) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Cell counting kit-8 (CCK-8) was purchased from Dojindo Laboratories (Kumamoto, Japan).

Synthesis of PTX-GO
-------------------

GO PLT was added into distilled water (2 mg/mL) for GO dispersion, following ultrasonication in an ice bath for 5 hours. Centrifugation at 12,000 rpm was used to remove the bulk GO, and the supernatant was collected to load PTX. In detail, PTX powder was dissolved in dimethyl sulfoxide (DMSO) and then added into GO suspension with stirring at 4°C for 6 hours. Repeated dialyzing (MW cutoff =10 kDa) against distilled water was then carried out for 2 days to eliminate the unbound PTX and free DMSO to obtain a purified PTX-GO solution. The concentration of bound PTX was measured by ultraviolet--visible (UV--vis) spectroscopy (PerkinElmer Inc, Waltham, MA, USA) with the absorption intensity at 227 nm.

Synthesis of PTX-GO-HSA
-----------------------

HSA powder (10 mg) was added into 20 mL PTX-GO solution with slight stirring for 6 hours at 25°C. This was then processed by cross-linking with 0.5% glutaraldehyde (200 μL). Afterwards, the obtained mixture was dialyzed against distilled water (MW cut off =10 kDa) for 2 days to give purified PTX-GO-HSA solution. The amount of loaded PTX was detected by an UV--vis spectrophotometer by monitoring the absorption peak at 230 nm.

Synthesis of PTX-GHP-VEGF
-------------------------

The mAbVEGF solution (0.3 mL, 500 μg/mL) in 0.1 M carbonate buffer at pH 8.6 was incubated with 10 μL 14 mM Traut's reagent for 1 hour at room temperature. Excess Traut's reagent was eliminated by gel-filtration on Sephadex G-25. In addition, NH~2~-PEG-MAL (50 μL, 20 mg/mL) was added into the thiolated antibodies solution, following incubation for 4 hours at 4°C. Next, EDC solution (8 μL, 5 mg/mL) and NHS solution (10 μL, 20 mg/mL) were mixed with GO-PTX-HSA solution (5 mL, 4.5 mg/mL) to activate the carboxylic groups of HSA, and then the mixture was allowed to react with PEGylated mAbVEGF for 2 hours at 4°C. Purified mAbVEGF-modified nanoparticles (PTX-GO-HSA-PEG-VEGF, PTX-GHP-VEGF) were obtained by gel-filtration on Sepharose CL-6B (PBS, column 50×2.5 cm, 0.5 mL/min).

Characterizations
-----------------

The morphology of the nanoparticles was observed by a transmission electron microscope (H-600; Hitachi Ltd, Tokyo, Japan) and scanning electron microscopy (Phenom G2 pro; Phenom-World, Eindhoven, the Netherlands). The size and zeta potential of the nanoparticles were measured by a Zetasizer (Nano ZS; Malvern Instruments, Malvern, UK). The absorbance spectra were recorded by a UV--vis spectrophotometer (UV-2550; Shimadzu, Kyoto, Japan). A laser source at 808 nm (diode-pumped solid-state laser system; Beijing Laserwave OptoElectronics Technology Co Ltd, China) was used to conduct photothermal experiments. The temperature variation was recorded every 30 seconds using a thermocouple thermometer (Fluke Corporation, Everett, WA, USA).

Photothermal properties of PTX-GHP-VEGF
---------------------------------------

GO, PTX-GHP-VEGF without GO (PTX-HP-VEGF), and PTX-GHP-VEGF dispersions (with the same concentration of GO) in a 96-well plate were irradiated under 808-nm laser irradiation for 5 minutes (1 W/cm^2^). Real-time temperature and thermal images were recorded once every 30 seconds by a thermocouple thermometer and infrared thermal camera (Fluke TI10; Fluke Corporation), respectively.

Cell culture and cellular uptake study
--------------------------------------

Human ACC SW-13 cells were purchased from American Type Culture Collection (Manassas, VA, USA) and cultured in L-15 media supplemented with 10% fetal bovine serum and 1% penicillin--streptomycin at 37°C with 5% CO~2~.

To observe cellular uptake, a fluorescence dye, fluorescein isothiocyanate (FITC), was used to label PTX-GHP and PTX-GHP-VEGF. SW-13 cells were incubated with FITC-labeled PTX-GHP, and PTX-GHP-VEGF at the same concentration of FITC (0.05 mg/mL) for 3 hours, and the free FITC-treated cells were set as the control group. Afterwards, the treated cells were washed by PBS thrice slightly, fixed with 0.2 mL glutaraldehyde, and stained with DAPI for 10 minutes. A confocal laser scanning microscope (FV1200; Olympus Corporation, Tokyo, Japan) was used to detect the fluorescence signals of cells.

A flow cytometer (FCM) was further used to evaluate cellular uptake. As described above, PTX-GHP and PTX-GHP-VEGF were labeled with FITC (0.05 mg/mL) and incubated with cells for 3 hours. Thereafter, the treated cells were washed three times with PBS and digested by trypsin-EDTA. The suspended cells were directly introduced into an FCM (Beckman Coulter, Miami, FL, USA). Furthermore, Bio-TEM was used to observe the location of the nanoparticles intracellularly as well as extracellularly.

In vitro biocompatibility
-------------------------

Whole blood was collected from healthy mice via orbit and the red blood cells (RBCs) were separated for hemolysis test. PTX-GHP-VEGF (0.8 mL, in PBS) at predetermined concentrations (25, 50, 100, 200, and 400 μg/mL) was first mixed with 0.2 mL RBCs. Then, the mixture was incubated at 37°C for 1 hour. As the positive and negative controls, purified RBCs were incubated with water and PBS, respectively. Afterwards, the suspensions above were ultracentrifuged (10,000 rpm, 1 minute). Finally, the absorbance of the supernatants was monitored at 541 nm by a UV--vis spectrometer. The following equation represented the hemolytic percentage (HP). $$\text{HP}\left( \% \right) = \frac{A_{t} - A_{\text{nc}}}{A_{\text{pc}} - A_{\text{nc}}} \times 100\%$$where A~t~, A~pc~, and A~nc~ are the absorbance of the supernatant at 541 nm of the test sample, positive, and negative controls, respectively.

Next, a standard CCK-8 assay (BestBio, Shanghai, China) was used to evaluate the cytotoxicity of the nanoparticles. SW-13 cells (100 μL, 1×10^5^ cells/mL) were seeded in a 96-well plate. After 24 hours cultivation, the old media were discarded and GHP-VEGF at predetermined concentrations (0.025, 0.05, 0.1, 0.2, and 0.4 mg/mL) in fresh media was incubated with SW-13 cells. After 24 hours treatment in a cell incubator, CCK-8 reagent (10% CCK-8 +90% L-15 media) was added into each well for further 30 minutes incubation at 37°C. The absorbance value at 450 nm was used to characterize the cell viability, which was measured by a Multilabel Plate Reader (EnVision; PerkinElmer Inc).

In vitro anticancer efficacy
----------------------------

SW-13 cells were seeded in 96-well plates (2×10^4^ cells/well) for 24 hours incubation. Free PTX, GHP-VEGF, PTX-GHP, and PTX-GHP-VEGF were serially diluted in cell culture media and dissolved directly into cell media. After 6 hours incubation, the old media were discarded. After addition of fresh media, cells were irradiated with or without an 808 nm laser (1 W/cm^2^, 5 minutes) at 0, 24, and 48 hours posttreatment with samples. Afterward, cell viability was measured by a CCK-8 assay as mentioned in the 'In vitro biocompatibility' section.

Next, live and dead cells were co-stained by calcein-AM/propidium iodide (PI). SW-13 cells were pre-seeded in 35 mm plates at a density of 1×10^6^ cells/plate and were treated with control, control + NIR, PTX-GHP-VEGF, or PTX-GHP-VEGF + NIR. After 6 hours incubation, cells were irradiated under the 808 nm laser (1 W/cm^2^) for 5 minutes. Cells were stained with calcein-AM/PI for 30 minutes, washed with PBS to remove excess dye solution, and then imaged using a confocal laser scanning microscope (calcein-AM lex =488 nm, lem =515 nm; PI lex =535 nm, lem =617 nm).

Lastly, cell death type was detected using an Annexin V-FITC/PI apoptosis detection kit (BestBio), which was analyzed by a FCM. SW-13 cells were incubated in 6-well plates (1×10^4^ cells/well) for 24 hours. Cells were treated with control, control + NIR, free PTX, PTX-GHP-VEGF, and PTX-GHP-VEGF + NIR at the same PTX concentration of 50 μg/mL with continuous 48 hours incubation. According to the operating instruction, cells were collected, washed, and stained by the Annexin V-FITC/PI kit and analyzed by the FCM, successively.

Animal model and in vivo NIR thermal imaging
--------------------------------------------

BALB/c nude mice were obtained from Charles River Laboratories (Beijing, China). All welfare and experimental procedures were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals of Qingdao University Laboratory, and approved by the Ethics Committee of Qingdao University Laboratory. SW-13 subcutaneous tumors were established by subcutaneous injections of 1×10^6^ SW-13 cells in 100 μL PBS onto the back of BALB/c nude mice.

Tumor bearing mice (n=5) were imaged by an NIR thermal imaging system before and at 12, 24, 36, 48, and 60 hours post-intravenous injection of saline, PTX-GHP, or PTX-GHP-VEGF under 808 nm laser irradiation (1 W/cm^2^) for 5 minutes.

In vivo anticancer efficacy
---------------------------

Tumor bearing mice in the different groups (n=5) were treated by saline, free PTX, GHP-VEGF + NIR, PTX-GHP + NIR, PTX-GHP-VEGF, or PTX-GHP-VEGF + NIR (dose equal to free PTX). NIR laser (808 nm, 1 W/cm^2^) was used for 5 minutes on the tumor region at 0 and 24 hours post-intravenous injection of these samples. During the treatment, tumor size of the mice was observed every 4 days and calculated as volume = (tumor length) × (tumor width)^2^/2. The relative tumor volume was equal to the tumor volume at a given time point divided by the tumor volume prior to the initial treatment.

Biosafety evaluation
--------------------

Healthy BALB/c nude mice (n=5) were intravenously injected with PTX-GHP-VEGF at a dose of 15 mg/kg, which was two-fold of the treatment and imaging dose. At 1 and 30 days postinjection, the PTX-GHP-VEGF-treated mice and untreated mice were sacrificed and blood was collected for serum biochemistry assay and complete blood panel test. In addition, major organs including the heart, liver, spleen, lung, and kidney of those mice were harvested, fixed in 4% formalin, embedded in paraffin, stained with hematoxylin and eosin (H&E), and examined under a digital microscope.

Results and discussion
======================

Preparation and characterization of PTX-GHP-VEGF
------------------------------------------------

The synthesis scheme of PTX-GHP-VEGF is shown in [Figure 1](#f1-ijn-13-439){ref-type="fig"}. GO nanosheets absorptive PTX were coated with HSA. The surface was then conjugated with mAbVEGF via PEG linker to form targeted nanoparticles (PTX-GHP-VEGF). Transmission electron microscopy (TEM) images were also taken of GO nanosheets and PTX-GO nanosheets ([Figure S1](#SD1-ijn-13-439){ref-type="supplementary-material"}). After coating with HSA, PTX-GO-HSA as well as PTX-GHP-VEGF displayed uniform spherical shape on representative scanning electron microscopy and TEM images ([Figures 2A, B](#f2-ijn-13-439){ref-type="fig"} and [S1](#SD1-ijn-13-439){ref-type="supplementary-material"}). The high-resolution magnification TEM image obviously showed the core-shell structure of the nanoparticles. These results indicate that the HSA can be a shell of PTX-GO core, forming a spherical particle. Particle size and zeta potential analysis obtained from the Nano ZS Zetasizer showed that most PTX-GHP-VEGF particles had a diameter of 191±5 nm and zeta potential of −26.8±2.3 mV ([Figure 2C and D](#f2-ijn-13-439){ref-type="fig"}). The UV--vis spectra of PTX, GO, and PTX-GHP-VEGF showed that PTX-GHP-VEGF had the same feature peak of PTX and GO at 233 and 230 nm, respectively ([Figure 3A](#f3-ijn-13-439){ref-type="fig"}), demonstrating that PTX-GO had been encapsulated within PTX-GHP-VEGF and that encapsulation did not influence the absorbance intensity of PTX and GO. After calculation, the encapsulation efficiency of PTX on GO was 85.6%±1.1%, and on GO-HSA-PEG was 55.02%±3.1%.

After 2 weeks in storage, PTX-GHP-VEGF dissolved in water displayed no obvious changes in absorbance at 230 nm, average size, and polydispersity index ([Figure 3B--D](#f3-ijn-13-439){ref-type="fig"}); yet, the average diameter of GO increased with time, indicating greater stability as well as dispersity of PTX-GHP-VEGF.

Photothermal properties of PTX-GHP-VEGF
---------------------------------------

Temperature changes were measured and the corresponding thermal images were obtained for water, PTX-GHP-VEGF without GO (PTX-HP-VEGF), PTX-GHP-VEGF and GO aqueous solution at the same concentrations of GO (10 μg/mL) under 5 minutes NIR laser irradiation (808 nm, 1 W/cm^2^). After 5 minutes of NIR irradiation, the maximum rising temperature reached about 22°C for PTX-GHP-VEGF and GO solution. As a control, the temperature of water and PTX-HP-VEGF without GO increased by about 2°C under the same conditions. The results indicate the excellent pho-tothermal effects with low concentration of GO ([Figure 4A and B](#f4-ijn-13-439){ref-type="fig"}). The UV--vis spectra of PTX-GHP-VEGF before and after 5 minutes of NIR irradiation indicated that irradiation did not influence the absorbance intensity ([Figure 4C](#f4-ijn-13-439){ref-type="fig"}). Moreover, the TEM images of PTX-GHP-VEGF before and after irradiation showed complete and dispersed spherical shape ([Figure 4D](#f4-ijn-13-439){ref-type="fig"}), demonstrating remarkable photostability.

Photothermal-triggered drug release
-----------------------------------

The release of PTX was 6.2% from PTX-GHP-VEGF for 6 hours at pH 7.4 in physiological solution, while at the same condition, PTX release was significantly increased to 20.1% when PTX-GHP-VEGF was irradiated for 5 minutes (808 nm, 1 W/cm^2^) ([Figure 5A](#f5-ijn-13-439){ref-type="fig"}). After additional three cycles of 5-minute irradiation at 12, 24, and 36 hours, the accumulated release of PTX approached about 81.2% after 48 hours, much higher than that of PTX released without NIR irradiation (11.2%). In addition, without NIR irradiation, PTX-GHP-VEGF showed 15.1% PTX release after 48 hours at pH 6.5, which was slightly higher than that at pH values of 7.4 and 9.0 ([Figure S2](#SD2-ijn-13-439){ref-type="supplementary-material"}). These results indicate that apart from the acidic environment and tumor endogenous factors, NIR light-induced local hyperthermia can function as a stimulus to on--off control the PTX release from PTX-GHP-VEGF. Furthermore, PTX-GHP-VEGF incubated in different temperatures, from 25°C to 55°C, showed an increase in the diameter of PTX-GHP-VEGF from 35°C to 55°C ([Figure 5B](#f5-ijn-13-439){ref-type="fig"}). The release process could have two potential steps: 1) PTX was released from the GO surface due to the heat generated by GO when absorbing NIR light, which weakens the non-covalent adsorption interactions between PTX and the GO surface, and 2) the released PTX then leaked from HSA nanoparticles, which can be attributed to the heat-induced expansion of HSA nanoparticles.[@b32-ijn-13-439],[@b34-ijn-13-439],[@b43-ijn-13-439]

In vitro biocompatibility
-------------------------

The cytotoxicity of the nanoparticles on SW-13 cells was detected by the CCK-8 assay ([Figure 6A](#f6-ijn-13-439){ref-type="fig"}). GHP-VEGF as the target carrier without PTX below 400 μg/mL exhibited negligible toxicity to SW-13 cells. Moreover, no obvious hemolysis phenomenon was observed for PTX-GHP-VEGF-treated RBCs (\<400 μg/mL), similar to that of the PBS-treated group ([Figure 6B](#f6-ijn-13-439){ref-type="fig"}), suggesting excellent hemocompatibility. These results indicate that PTX-GHP-VEGF has remarkable in vitro biocompatibility.

Cellular uptake
---------------

To evaluate cellular uptake, PTX-GHP and PTX-GHP-VEGF were labeled with FITC, a fluorescence dye. After incubation with PTX-GHP and PTX-GHP-VEGF for 3 hours, FITC fluorescence was much stronger inside the cytoplasm in PTX-GHP-VEGF-treated cells than that of PTX-GHP- and free FITC-treated cells ([Figure 7A](#f7-ijn-13-439){ref-type="fig"}). The flow cytometry results further showed the cellular uptake ratio of PTX-GHP-VEGF was 49.6%±4.1%, which was higher than that of PTX-GHP (13.6%±3.9%) ([Figure 7B--E](#f7-ijn-13-439){ref-type="fig"}). According to the Bio-TEM images, the cytoplasm of SW-13 cells showed more PTX-GHP-VEGF nanoparticles ([Figure 7F](#f7-ijn-13-439){ref-type="fig"}), as confirmed from high-magnification images ([Figure 7G](#f7-ijn-13-439){ref-type="fig"}). These results indicate that mAbVEGF facilitated the uptake of PTX-GHP-VEGF into the cells, likely due to the receptor-mediated endocytosis pathway.

In vitro cytotoxicity and detection of apoptosis
------------------------------------------------

Treatment with free PTX, PTX-GHP, and PTX-GHP-VEGF at PTX concentrations ranging from 0 to 100 μg/mL decreased cell viability in a dose- and time-dependent manner from 0 to 48 hours ([Figure 8A--C](#f8-ijn-13-439){ref-type="fig"}). However, under the same PTX concentration, PTX-GHP-VEGF induced a higher cell death rate due to the more efficient mAbVEGF-targeted killing effect of PTX-GHP-VEGF in SW-13 cells. No obvious cytotoxicity was observed from GHP-VEGF on SW-13 cells after 48 hours of treatment ([Figure 8A--C](#f8-ijn-13-439){ref-type="fig"}), while, after irradiating with NIR laser for 5 minutes, cell viability showed a dose-independent decrease ([Figure 8D](#f8-ijn-13-439){ref-type="fig"}), indicating slight photothermal cytotoxicity of GO-based nanoparticles at initial treatment (0 hours). After two cycles of 5-minute NIR irradiation at subsequent 24 and 48 hours, PTX-GHP-VEGF-treated cells showed a considerably greater cell viability decrease compared to PTX-GHP and PTX in a dose- and time-dependent manner ([Figure 8E and F](#f8-ijn-13-439){ref-type="fig"}).

Calcein-AM/PI co-staining was further used to investigate the cell killing effect of PTX-GHP-VEGF in vitro. Cells displayed green fluorescence in the control and control + NIR groups, suggesting no effect of pure laser irradiation on cells ([Figure 9A and B](#f9-ijn-13-439){ref-type="fig"}). In the PTX-GHP-VEGF-treated group, some cells were dead and showed red fluorescence, while with laser irradiation, almost all cells were killed ([Figure 9C and D](#f9-ijn-13-439){ref-type="fig"}), which corresponded with the results from the CCK-8 assay ([Figure 8F](#f8-ijn-13-439){ref-type="fig"}).

In addition, the type of cell death induced by PTX-GHP-VEGF was further detected using an Annexin V-FITC/PI double staining kit and analyzed by FCM. On the basis of literature, the signal in Q2 + Q4 region in the representative dot plots are defined as apoptotic cells.[@b9-ijn-13-439] Cells treated with control and control + NIR showed few dead cells ([Figure 9E and F](#f9-ijn-13-439){ref-type="fig"}), while PTX-GHP-VEGF + NIR-treated cells showed a 91.2% apoptosis rate ([Figure 9H](#f9-ijn-13-439){ref-type="fig"}), which was higher than PTX-GHP-VEGF (42.8%) and free PTX (32.6%)-treated groups ([Figures 9G](#f9-ijn-13-439){ref-type="fig"} and [S3](#SD3-ijn-13-439){ref-type="supplementary-material"}). These findings suggest a significant synergistic cell killing effect of PTX-GHP-VEGF with NIR laser irradiation, which could be mainly ascribed to hyperthermia triggering more PTX release for enhanced chemotherapy.

NIR thermal imaging guided tumor therapy
----------------------------------------

The accumulation of nanoparticles in tumors at various time points following an intravenous injection of PTX-GHP and PTX-GHP-VEGF was then assessed. After an intravenous injection of saline, PTX-GHP, or PTX-GHP-VEGF, the tumor regions of the mice in different groups were irradiated for 5 minutes by NIR laser at various time points. The temperature of the tumor was monitored using a thermal imager ([Figure 10A](#f10-ijn-13-439){ref-type="fig"}). The thermal images and statistical results showed that the maximum temperature of tumors post-PTX-GHP-VEGF injection was reached at 24 hours, which was higher than that of the control and PTX-GHP-treated groups ([Figure 10A and B](#f10-ijn-13-439){ref-type="fig"}). These results indicated that PTX-GHP-VEGF can reach the maximum accumulation in tumor regions at 24 hours postinjection. These may be caused by the PEG coating of the nanoparticles that can improve blood circulation duration and effectively decrease macrophage clearance of nanoparticles by the reticuloendothelial system, the enhanced permeability and retention (EPR) effect of solid tumor, as well as the mAbVEGF tumor targeting effect enhancing tumor accumulation.[@b44-ijn-13-439]--[@b47-ijn-13-439]

According to the imaging diagnosis result, NIR irradiation treatment was conducted at 24 hours post-intravenous injection of samples. Intravenous injection of PTX-GHP-VEGF with or without 5-minute NIR irradiation exhibited a significant difference ([Figure 11A](#f11-ijn-13-439){ref-type="fig"}). In the former group, it showed noticeable tumor growth inhibition and no tumor relapse after about 1 month of treatment. However, in the latter group, no tumor growth inhibition was observed compared to the control group. Because of the EPR effect, PTX-GHP without targeting moiety under NIR irradiation displayed in vivo tumor inhibition but not completely, indicating that active targeting of nanoparticles plays an important role in tumor therapy. In addition, GHP-VEGF + NIR and free PTX showed little tumor inhibition effect. Furthermore, after 100 days of treatment, the survival rate of mice in the PTX-GHP-VEGF + NIR-treated group was 100%, which was higher than that of the other groups ([Figure 11B](#f11-ijn-13-439){ref-type="fig"}). These results indicate that PTX-GHP-VEGF combined with NIR irradiation features an excellent in vivo anticancer efficacy likely due to active targeting thermal-triggered drug release for chemotherapy.

Blood examination and histology
-------------------------------

After about 1 month of treatment, no significant body weight loss was observed in all groups ([Figure 12A](#f12-ijn-13-439){ref-type="fig"}). Furthermore, blood chemistry analysis results and complete blood panel tests were acquired from PTX-GHP-VEGF-injected (15 mg/kg) healthy BALB/c mice 1 and 30 days postinjection. All test indexes, including aspartic transaminase, alanine transaminase, white blood cells, RBCs, hemoglobin, mean corpuscular hemoglobin, mean PLT volume, hematocrit, mean corpuscular volume, PLTs, and mean corpuscular hemoglobin concentration were within reference ranges for healthy BALB/c mice ([Figure 12B--D](#f12-ijn-13-439){ref-type="fig"}). Major organs (including heart, liver, spleen, lungs, and kidneys) in the mice of each group were stained by H&E to further evaluate the tissue toxicity of PTX-GHP-VEGF. None of the tested organs showed significant histological lesions ([Figure 12E](#f12-ijn-13-439){ref-type="fig"}). Taken together, PTX-GHP-VEGF exhibited remarkable in vivo biocompatibility characteristics, which will be beneficial for its future nanomedicine applications.

Conclusion
==========

Novel mAbVEGF-conjugated and photothermal-triggered drug release HSA nanoparticles containing PTX-GO (PTX-GHP-VEGF) were designed and prepared. The dual-carriers, GO and HSA, respectively, functioned as a photothermal agent and biocompatible shell for the nanocomposite. Under NIR irradiation, the heat generated by GO triggered PTX molecules to be released from GO nanosheets and then released from the HSA shell. The targeting effect of the PTX-GHP-VEGF was confirmed by fluorescence and TEM images in vitro. The targeted photothermal-triggered tumor chemotherapy effect was evaluated and PTX-GHP-VEGF showed significant cell killing ability in vitro and tumor suppression ability in vivo with 100% survival rate over 100 days and no relapse. Moreover, the PTX-GHP-VEGF showed high biosafety with remarkable biocompatibility as confirmed by hematology and histological analyses. Considering all these findings, the development of PTX-GHP-VEGF is an attractive strategy for chemotherapeutic drug delivery to tumors for efficient photothermal controllable tumor therapy.
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###### 

TEM images of nanosized GO, PTX-GO, and PTX-GO-HSA nanoparticles.

**Abbreviations:** HSA, human serum albumin; TEM, transmission electron microscopy; PTX, paclitaxel; GO, graphene oxide.
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Drug release.

**Note:** The PTX release ratio from PTX-GHP-VEGF at pH 6.5, 7.4, and 9.0, respectively, during 48 hours.

**Abbreviations:** PTX, paclitaxel; VEGF, vascular endothelial growth factor; GHP, GO-HSA-PEG.
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Apoptosis detection.

**Note:** Flow cytometry analysis of SW-13 cells treated by PTX (50 μg/mL).

**Abbreviations:** PTX, paclitaxel; PI, propidium iodide; FITC, fluorescein isothiocyanate.
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![Synthesis and application schematic.\
**Note:** PTX-GO-HSA-PEG-VEGF (PTX-GHP-VEGF) nanoparticles synthesis schematic and its photothermal-triggered drug release application.\
**Abbreviations:** PTX, paclitaxel; GO, graphene oxide; HSA, human serum albumin; PEG, polyethylene glycol; VEGF, vascular endothelial growth factor; NIR, near infrared; mAb, monoclonal antibodies; GHP, GO-HSA-PEG.](ijn-13-439Fig1){#f1-ijn-13-439}

![Morphology characterization.\
**Notes:** SEM (**A**) and TEM (**B**) images of PTX-GHP-VEGF. Particle size (**C**) and zeta potential (**D**) distribution of PTX-GHP-VEGF.\
**Abbreviations:** SEM, Scanning electron microscopy; TEM, transmission electron microscopy; PTX, paclitaxel; VEGF, vascular endothelial growth factor; GHP, GO-HSA-PEG.](ijn-13-439Fig2){#f2-ijn-13-439}

![Spectra and stability characterization.\
**Notes:** (**A**) The absorbance spectra of free PTX, GO, and PTX-GHP-VEGF. (**B**) The changes of absorbance intensity at 230 nm of PTX-GHP-VEGF over 15 days. (**C**) The change of average diameter of GO and PTX-GHP-VEGF over 15 days. (**D**) The PDI change of PTX-GHP-VEGF in water and saline over 4 weeks.\
**Abbreviations:** PTX, paclitaxel; GO, graphene oxide; VEGF, vascular endothelial growth factor; PDI, polydispersity index; Abs, absorbance; GHP, GO-HSA-PEG.](ijn-13-439Fig3){#f3-ijn-13-439}

![Photothermal effect and thermal stability.\
**Notes:** (**A**, **B**) Photothermal heating curves and the corresponding thermal images of water, GO, and PTX-GHP-VEGF solution at the same concentrations of GO under 808-nm laser irradiation (1 W/cm^2^). (**C**) UV--vis absorption spectra of PTX-GHP-VEGF solution before and after irradiations of 808-nm laser for 5 minutes, and (**D**) their corresponding TEM images.\
**Abbreviations:** PTX, paclitaxel; GO, graphene oxide; VEGF, vascular endothelial growth factor; TEM, transmission electron microscopy; NIR, near infrared; Abs, absorbance; UV, ultraviolet; vis, visible; GHP, GO-HSA-PEG.](ijn-13-439Fig4){#f4-ijn-13-439}

![Drug release.\
**Notes:** (**A**) Release kinetics of PTX from PTX-GHP-VEGF in PBS buffer (pH =7.4) in the absence and presence of 808-nm NIR laser irradiation. (**B**) The diameter change of PTX-GHP-VEGF under various temperature treatments.\
**Abbreviations:** PTX, paclitaxel; VEGF, vascular endothelial growth factor; PBS, phosphate buffer; NIR, near infrared; GHP, GO-HSA-PEG.](ijn-13-439Fig5){#f5-ijn-13-439}

![In vitro biocompatibility.\
**Notes:** (**A**) Cell viability of SW-13 cells after treatment with GHP-VEGF at different concentrations for 24 hours. (**B**) Hemolysis ratio of RBCs after 2 hours incubation with PTX-GHP-VEGF at different concentrations. The inset shows the photograph of RBCs exposed to deionized water, PBS, and PTX-GHP-VEGF solution with different concentrations followed by centrifugation.\
**Abbreviations:** PTX, paclitaxel; VEGF, vascular endothelial growth factor; PBS, phosphate-buffered saline; RBCs, red blood cells; GHP, GO-HSA-PEG.](ijn-13-439Fig6){#f6-ijn-13-439}

![Celluar uptake.\
**Notes:** (**A**) Confocal fluorescence images of SW-13 cells after incubation with free FITC, GHP-VEGF, and PTX-GHP-VEGF labeled by FITC. Green and blue colors represented FITC fluorescence and DAPI-stained cell nuclei, respectively. (**B**--**E**) Flow cytometry analysis and quantitative cellular uptake of SW-13 cells toward control, GHP-VEGF, and PTX-GHP-VEGF. (**F**, **G**) Bio-TEM images of SW-13 cells after incubation with PBS and PTX-GHP-VEGF for 3 hours. Red arrows indicated the presence of PTX-GHP-VEGF. Scale bar represents 20 µm (**A**), and 2 µm (**F**, **G**).\
**Abbreviations:** PTX, paclitaxel; VEGF, vascular endothelial growth factor; PBS, phosphate-buffered saline; FITC, fluorescein isothiocyanate; TEM, transmission electron microscopy; DAPI, 6-diamidino-2-phenylindole; GHP, GO-HSA-PEG.](ijn-13-439Fig7){#f7-ijn-13-439}

![In vitro cytotoxicity.\
**Note:** Cell viabilities of SW-13 cells after incubation with different concentrations of PTX, GHP-VEGF, PTX-GHP, and PTX-GHP-VEGF for various times with (**A**--**C**) or without (**D**--**F**) 808-nm laser irradiation (1 W/cm^2^) for 5 minutes.\
**Abbreviations:** PTX, paclitaxel; VEGF, vascular endothelial growth factor; NIR, near infrared; GHP, GHP, GO-HSA-PEG.](ijn-13-439Fig8){#f8-ijn-13-439}

![Apoptosis detection.\
**Notes:** (**A**--**D**) The calcium AM/PI dual staining images of SW-13 cells after treatment by PBS, PBS + NIR, PTX-GHP-VEGF, and PTX-GHP-VEGF + NIR, respectively. (**E**--**H**) Flow cytometry analysis of SW-13 cells treated by PBS, PBS + NIR, PTX-GHP-VEGF, and PTX-GHP-VEGF + NIR, respectively.\
**Abbreviations:** PTX, paclitaxel; VEGF, vascular endothelial growth factor; NIR, near infrared; PBS, phosphate-buffered saline; PI, propidium iodide; FITC, fluorescein isothiocyanate; GHP, GO-HSA-PEG.](ijn-13-439Fig9){#f9-ijn-13-439}

![In vivo NIR thermal imaging.\
**Notes:** (**A**) The thermal images of tumor bearing mice post-tail vein injection of saline, PTX-GHP, and PTX-GHP-VEGF at 0, 12, 24 and 36 hours under 5-minute NIR irradiation (808 nm, 1 W/cm^2^), respectively. (**B**) The temperature statistical results of tumor regions of tumor bearing mice post-tail vein injection of saline, PTX-GHP, and PTX-GHP-VEGF at 0, 12, 24 and 36 hours under 5-minute NIR irradiation.\
**Abbreviations:** PTX, paclitaxel; VEGF, vascular endothelial growth factor; NIR, near infrared; GHP, GO-HSA-PEG.](ijn-13-439Fig10){#f10-ijn-13-439}

![In vivo anticancer.\
**Note:** The relative tumor volume (**A**) and survival rate (**B**) of tumor bearing mice after tail vein injection with control (saline), free PTX, GHP-VEGF + NIR, PTX-GHP + NIR, PTX-GHP-VEGF, and PTX-GHP-VEGF + NIR.\
**Abbreviations:** PTX, paclitaxel; VEGF, vascular endothelial growth factor; NIR, near infrared; GHP, GO-HSA-PEG.](ijn-13-439Fig11){#f11-ijn-13-439}

###### 

In vivo biocompatibility.

**Notes:** (**A**) Body weight of 4T1 tumor bearing mice after various treatments. Blood biochemistry (**B**) and blood cells count (**C**, **D**) of mice at days 1 and 30 posttreatment with saline (control) and PTX-GHP-VEGF. (**E**) H&E-stained tissue sections of major organs, including the heart, liver, spleen, lung, and kidney from mice treated with saline (control) or PTX-GHP-VEGF at day 1 and day 30 (magnification: 100×).

**Abbreviations:** PTX, paclitaxel; VEGF, vascular endothelial growth factor; NIR, near infrared; H&E, hematoxylin and eosin; WBC, white blood cells; RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; MPV, mean platelet volume; PLT, platelets; AST, aspartate transaminase; ALT, alanine transaminase; GHP, GO-HSA-PEG.
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